We have studied the high-frequency dynamics of salol by inelastic x-ray scattering over a wide temperature range between 50 and 450 K, across the glass transition. We find that salol efficiently realizes the mechanism of dynamical arrest described by the mode-coupling theory, as manifested by a cusp singularity in the behaviour of the non-ergodicity parameter and a Q dependence of the critical non-ergodicity parameter that is in phase with the static structure factor. These results confront positively the mode-coupling theory with liquids with local order. 1 IOM-CNR при Факультетi фiзики i геологiї, Унiверситет Перуджi, 06123 Перуджа, Iталiя 2 Факультет фiзики i геологiї, Унiверситет Перуджi, 06123 Перуджа, Iталiя 3 Факультет фiзики, Унiверситет A. Miцкевича, 61-614 Познань, Польща 4 Фiзичний факультет, Унiверситет Тренто, 38123 Пово, Iталiя 5 Iнститут Макса Планка для полiмерних дослiджень, п/с 3148, 55128 Майнц, Нiмеччина
Introduction
At the turn of the second and third millennium, a great deal of work, both theoretical and experimental, has been devoted to the study of the physics of disordered systems with particular emphasis on the processes connected with the structural arrest and glass transition.
The mode coupling theory (MCT) was introduced to provide a self-consistent treatment of the structural arrest in simple liquids [1] . The idealized version of MCT describes the glass transition as an ergodic to non-ergodic transition occurring at a critical temperature T c , associated with a singular behaviour of the long-time limit of the normalized density correlator, the so-called non-ergodicity factor f Q . The peculiar temperature (T) and wave vector (Q) dependences expected for f Q are: i) a square-root temperature behaviour below T c , f Q (T) = f c Q + h Q (T − T c )/T c , where f c Q is the critical non-ergodicity parameter and h Q is the critical amplitude at a given wavevector Q; ii) a Q dependence of f c Q and of h Q , which are in phase and in antiphase with the static structure factor S(Q), respectively. In the same years, the inelastic x-ray scattering (IXS) technique was developed, capable of detecting the dynamic structure factor S(Q, ω) of glasses [2] and glass forming liquids in the nm −1 Q-range [3] . IXS, together with neutron scattering and MD simulations, became the method of choice for the quantitative test of MCT predictions. Most of the tests were performed in simple liquids, such as van der Waals molecular liquids, with relatively simple relaxation patterns [4] . More complex systems were also analyzed, such as polymers [5, 6] , and a good coherence with MCT was found when the contribution of the structural relaxation was singled out with respect to those of secondary processes [7] , complementing IXS with Brillouin light scattering measurements [8] . An interesting class of liquids is that of associated liquids, where local order extends over several neighboring molecules, giving rise to a pre-peak in the low-Q region of S(Q). A pioneering work performed by some of us on the associated liquid m-toluidine provided experimental evidence that hydrogen bond clustering can coexist with the signature of the ergodic to non-ergodic transition predicted by the MCT [9, 10] .
In the present work, we extend this investigation to salol, a widely studied glass-forming system [11] [12] [13] [14] .
Experiment
Salol (Phenyl salicylate, Fluka, purity > 98%) was dried under vacuum for three days at 95 • C. To remove dust as potential sites of heterogeneous nucleation, the sample was then filtered through a 0.22 µm Durapore (Millipore company) filter into dust free vials which were sealed until used in the actual experiment to fill the sample cells.
IXS experiments were performed at the very high energy resolution beamlines ID16 and ID28 of the European Synchrotron Radiation Facility (ESRF), Grenoble. The monochromator and analyzer crystals were operated at backscattering configuration corresponding to an incident photon energy of 21.747 keV and a total energy resolution of 1.5 meV. Spectra were taken at Q-values between 1 and 15 nm −1 in steps of 1 nm −1 at temperatures between 50 and 450 K. All spectra were corrected for scattering of the empty cell and normalized to the monitored incoming intensity.
In figure 1 we report some IXS spectra for selected temperatures at the fixed exchanged wave vector Q = 2 nm −1 (left-hand panel), and some spectra obtained for different values of Q at T = 241 K (right-hand panel).
Results and discussion
All measured spectra show quasielastic and inelastic contributions, whose characteristic parameters were obtained by fitting the convolution of the instrumental resolution function R(ω) with a model for S(Q, ω) including a delta function for the quasielastic line and a damped harmonic oscillator for the two inelastic side peaks [15] , which are due to the Brillouin scattering of photons by longitudinal acoustic (LA) modes propagating in salol. From this fitting procedure, the characteristic frequency (Ω) and linewidth (Γ) (FWHM) of the LA modes were obtained, together with the intensities of the quasielastic and inelastic contributions, I el (Q) and I(Q). Figure 2 shows the values of Ω and Γ obtained by the fitting procedure, as a function of Q and for three selected temperatures. The almost linear behaviour of Ω vs. Q allows us to estimate the average value for the velocity (v) of the LA modes in the low Q regime by fitting to the first four data points the expression: Ω = v · Q. In the same region, the almost quadratic behaviour of Γ vs. Q gives an estimate of the unrelaxed value of the longitudinal kinematic viscosity D L and thermal diffusion D T through D L + (γ − 1)D T = Γ/Q 2 with γ being the ratio of specific heats.
Velocities and viscosities obtained by this method are reported in figure 3.
In the low temperature regime, the velocity of the LA modes obtained by IXS agrees very well with the unrelaxed sound velocities (v ∞ ) measured at much lower Q values by Brillouin light scattering (BLS) [16, 17] and impulsive stimulated thermal scattering (ISTS) techniques [18] . For increasing temperature, a change of the slope of v(T) is visible close to the glass transition of salol T g = 220 K, where a more pronounced temperature dispersion starts to occur [19] . Interestingly, the temperature behaviour of v IXS is also compatible [see linear extrapolations in figure 3 (a)] with the existence of a further transition in the liquid at T A = 348 K. T A was proposed and shown as the transition temperature of the α-process from VFT to Arrhenius behaviour [20, 21] .
At the highest investigated temperatures, the values of v BLS and of v ISTS progressively approach those of the relaxed sound velocity v 0 . Conversely, the values of v IXS remain considerably higher than v 0 , suggesting that IXS probes the unrelaxed sound velocity v ∞ also in the liquid phase. This is also supported by the temperature dependence of the linewidth of Brillouin peaks reported in figure 3 (b) . In fact, it can be seen that Γ/Q 2 at the two lowest probed Q values is almost constant in the whole 43603-3 investigated temperature range suggesting that the mechanism responsible for the peak broadening in the glassy phase continues to dominate also at temperatures higher than T g . This result can be explained by the fact that, at the probed Qs, the phonon frequency is much higher than the rate of the structural relaxation (unrelaxed condition) and, therefore, the sound waves probe the system as "frozen" in the whole investigated temperature range. In this regime, the broadening of the Brillouin peaks is due to the disordered molecular structure rather than due to truly dynamic processes [22] .
An important consequence of the unrelaxed regime here probed by IXS is that the contribution of the structural relaxation to S(Q, Ω) is all included within the area of the quasielastic peak. In this condition, the relative amplitude of the structural relaxation, i.e., the non-ergodicity parameter f Q , can be obtained from the IXS spectra as the ratio of the intensities f Q = I el (Q)/[I el (Q) + I(Q)], and the analysis of the IXS spectra becomes a powerful tool to test the predictions of MCT. of the square-root singularity predicted by the idealized MCT [1] , even more clearly than in the previously reported m-toluidine case [9] , due to the improved signal-to-noise ratio of the present IXS spectra. It is worth noting that the value of the critical temperature T c = 273 ± 5 K is Q independent within experimental error, and that its value favourably agrees with previous estimates obtained from dielectric spectroscopy [23] and from wide angle x-ray experiments combined with MD simulations [21] . Figure 5 shows that f Q changes in phase with the static structure factor, in agreement with previous observations [9] . For T > T c , MCT predicts a plateau in the temperature dependence of f Q , i.e., f Q (T) = f c Q , which is also clearly visible in figure 4 . The values of f c Q , on the whole, follow in phase the oscillations of the static structure factor (figure 6), coherent with MCT calculations for simple liquids.
Based on these two evidences, consistent with the results previously obtained in m-toluidine, we can infer that the predictions of MCT for the existence of a square-root singularity at T c and for its Q dependence are robust enough to be also observed in clustering systems [21, 24] .
A peculiar property of salol and m-toluidine which probably makes the cusp behaviour of the nonergodicity factor more visible than in other associated liquids is their high degree of fragility. In fact, a 
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phenomenological analysis of IXS spectra of glass-forming systems has revealed that the stronger is a glass former, the higher is the non-ergodicity factor around the glass transition [25, 26] . The non-ergodicity factor can be also expressed as the relative longitudinal modulus variation at T g [26] . For a strong glass former, like SiO 2 , the value of f Q at T g is close to unity, and thus the amplitude of the square-root cusp is hardly visible within experimental error. Conversely, for fragile glass-formers such as m-toluidine and salol, fragility favours the visibility of temperature and Q-dependences of the non-ergodicity parameter, as shown here.
Conclusions
In conclusion, our findings corroborate the notion that the early stage of the structural arrest, where the cage effect dominates the molecular dynamics of simple liquids, shows a universal character -the square-root cusp of the non-ergodicity factor at a critical temperature T c -which is also shared by liquids with a local order [9] . This is a non-trivial result since it suggests that the structural arrest which occurs in dense, simple liquids, shares some common, if not "universal", features with the structural arrest of locally ordered liquids, where the coordination number is determined by local symmetry constraints and where the mere significance of the cage effect is questionable. To this respect, it is interesting to recall that an IXS investigation of even more locally-structured glass formers, namely reactive binary mixtures, has shown the same signatures of the ergodic to non-ergodic transition predicted by the MCT [15] . In that system, in analogy to what is found in supercooled simple liquids, the ergodicity breakdown is observed far before the experimental glass transition, and the static structure evolving during the covalent bond formation is found to consistently affect the wave vector dependence of the non-ergodicity factor. It remains a current challenge to identify the appropriate MCT model that describes the structural arrest in presence of molecular association or even induced by chemical bonds.
